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Abstract The cutting of high hardness composite materials
such as sintered carbides based on the cobalt is a challenge
from a technological point of view. The paper presents the
influence of cutting data (vc, f, ap) and cobalt content in a work
piece (10, 15, and 25 wt%) on the turning process of WC-Co
with polycrystalline diamond (PCD) tool. This study focuses
on the main component of cutting force Fc and surface rough-
ness, described by the roughness parameter Ra. The research
plan, based on the Taguchi method, and variance analysis
ANOVA were applied. Two types of experimental model,
which describes turning process of sintered carbides based
on the power function for three variables and polynomial
functions as a modified method of the response surface meth-
odology (RSM), were also presented.
Keywords Turning .Sinteredcarbides .PCD .Cuttingforce .
Surface roughness
1 Introduction
The introduction of new standards in the field of environmen-
tal protection imposes the implementation of the new technol-
ogy of super-hard material (such as sintered carbides WC-Co)
machining [1]. Currently, most of these types of material are
machined by grinding or electro-discharge (EDM) processes
[2]. These processes are time-consuming and expensive, and
contemporary companies find savings at every stage of pro-
duction [3]. For the manufacture of WC-Co parts (for exam-
ple, punches and construction parts), which are characterized
by a high degree of hardness, high resistance to wear, and low
surface roughness [4–7], alternative methods of production
can be used. Machining with polycrystalline diamond (PCD)
tools is one of the proposed solutions [2, 8–12]. PCD is
characterized by a high degree of hardness, high thermal
conductivity, as well as a low coefficient of friction in contact
with the material being worked on and abrasion resistance [8,
13, 14].
At present, there is a lack of full knowledge about sintered
carbides turning processes using PCD tools. The first studies
in this area were described in the work [15]. The authors
presented durability research of tools made of cBN and
PCD, as well as silicon plates covered with chemical vapor
deposition (CVD) diamond coating, soldered onto the sintered
carbides holder, and surface quality after turning of WC-Co
containing 27 wt% Co. The greatest value of surface rough-
ness and the smallest cutting edge durability were obtained for
PCD tools. In next studies, Belmonte et al. [16] determined the
cutting data (vc, f, ap) influence on the machining force value,
wear tools, and working surface roughness while dry turning
of WC-Co with 25 wt% Co content using CVD diamond
brazed tools. The smallest machined surface roughness was
observed in the case when the value of machining force Fc
was below 35N. However, in the work, the impact of a cutting
edge shape on machining process was not included. The work
of Almeida et al. [17] can be complementary to these studies,
in which the influence of the cutting edge shape (sharp, honed,
and chamfered) of round cutting tool inserts made via direct
diamond deposition on Si3N4 ceramic substrate on the cutting
force value while turning of WC-Co containing 25 wt% Co
was analyzed. The smallest machining force values and the
best work piece finishing quality (Ra<0.2 μm) were regis-
tered for tools with the sharp edge tools.
In the separate study, conducted by Heo [18], the influence
ofWC particle size in the deformation zone on the wear of the
PCD cutting tool while microcutting of wear-resistant
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tungsten carbides containing 22 wt% Co is presented. During
machining, two chip formation types were received dependent
on the shear angle. The thrust cutting forces presented a
greater tendency to increase its value than the principal forces
at an increase of ap and vc parameter values. The feed force
showed a tendency to decrease its value with increasing of
tool wear, which was a result of the cutting edge recession. In
the publication, the influence of Co content in the material
structure on the cutting forces was not described.
Cobalt content impact on the cutting process is partially
described in Almeida et al.’s research [19]. Authors analyzed
three types of dry turning ofWC-Co with theWC grain size in
the range of 2–6 μm and Co content (18–27 wt%). The
highest tool wear and cutting force values were obtained for
material with the smallest Co content (18 wt%). During stud-
ies, the highest values were observed for the thrust force and
the smallest for the feed force (similar effect to grinding). It
was also found that the higher Co content grade in the material
structure induces an easy formation of a built-up edge (BUE)
resulting in cutting force discontinuities. The critical force by
which a tool destruction occurred had a value approximately
700 N.
In previously described research, the effect of the adhesion
process between the tool and cutting material in the sintered
carbide turning process in the environment of the cooling-
lubricant substance has not been described. This impact was
presented in the works [20, 21]. The work [20] presents an
effect of WC and Co additives in four kinds of cemented
carbides on machinability and tool wear characteristics. In
the studies of the materials of different Co contents (10, 13,
19, 25 wt%), three different cooling conditions (dry, wet, and
mist) were turned in. Research on the cooling effect of the
cutting process showed that the smallest roughness values
were obtained for turning with the application of the so-
called oil mist. The influence of the Co content and WC grain
sizes on cutting process by the effect of wear by tools confirms
the results presented in [18, 19], while both dry turning and
using coolant cutting forces increase have a linear character.
The size of WC grains significantly influences on the tool
wear when turning in the oil mist. With increasing a WC
particle diameter in the material structure, the chip shape
irregularities increase.
In the next publication [21], a comparison of the
sintered carbides with 10 wt% Co content machining
with PCD, cBN, and PcBN tools can be found. The
smallest cutting insert wear was noted for PCD tools.
The impact of cooling-lubricant substance on machining
process is similar as in the work [20].
Almeida et al. [22] presented the results of the cutting
force research during WC-Co (18 wt% Co) machining for
the two angular configurations of the tool: (i) neutral rake
angle 0°, clearance angle 11° and (ii) negative rake angle
−6°, clearance angle 6°. These results were not presented in
[15, 16, 18, 20]. The study used CVD diamond-coated
silicon tools as well as PCD tools. Tools with CVD coating
were characterized by a greater durability, alike as described
in [15]. In the case of PCD tools, a very clear tendency to the
adhesion with work piece material was demonstrated, simi-
larly as in [21], due to a high cobalt content in the cutting
material (18 wt% Co). The coefficients of friction between
the tool and work piece material as the tangent to normal
forces ratio (FT/FN) were determined in the work too. For
tools received by CVD method, the friction coefficient value
was 0.7 after 180 m of cutting. In the case of PCD tools, the
same friction coefficient value was appointed already after
70 m of cutting. For tools with diamond coating, an influ-
ence of angle configuration on the tools wear was not no-
ticed. For the both configuration cases, the similar wear
occurred.
Zhang et al. [23] compared the grinding of WC-Co with
diamond and cBN grinding wheels as well as turning with
PCD tools. In the case of turning, surface roughness had
values in the range of 0.63–1.19 μm at material removal rate
(MRR) 2.37–18.7 mm3/s, and grinding with diamond/cBN
grinding wheel roughness parameter was 0.017–0.1 μm at
MRR 0.667–2 mm3/s.
The above presented examples do not describe accurate
ranges of cutting data which can be used during sintered
carbides turning with different cobalt contents. There is a lack
of characteristics which describe the influence of tool cutting
edge wear on cutting forces and surface roughness values.
Available research shows the impact of cutting data on the
machined surface quality only if two cutting parameters are
permanent and the third is changeable. The percentage effect
of individual cutting data on cutting force values has not been
determined.
No comprehensive study of the super hard material
turning, such as sintered carbides WC-Co with different
Co contents, using PCD tools was the sole reason for
undertaking the research described in this paper. An
algorithm of experimental models building and optimiza-
tion of WC-Co turning process was presented, which
includes the research of cutting data (vc, f, ap) as well
as Co content in the material structure influence on the
main cutting force component Fc and machined surface
quality, described by Ra parameter. Cutting data optimi-
zation due to the minimization of the roughness param-
eter Ra and force Fc were conducted for the three types
of sintered carbides: (i) 10 wt% Co and 90 wt% WC; (ii)
15 wt% Co, 0.15 wt% VC, and 84.85 wt% WC; and (iii)
25 wt% Co, 0.15 wt% VC, and 74.85 wt% WC.
Experimental research based on the Taguchi method
and ANOVA variance analysis were described in
Section 2 and results analysis in Section 3; however,
experimental models building describing WC-Co turning
process with PCD tool were presented in Section 4.
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2 Research of WC-Co turning with PCD tools
2.1 Algorithm of empirical models creation and optimization
of WC-Co turning process
Figure 1 summarizes the algorithm ofWC-Co turning process
optimization using the PCD tools and the steps of two differ-
ent types of empirical models building, based on the power
and polynomial functions, respectively. The function of this
algorithm is presented in the following sections of the paper.
2.2 Taguchi design
In the 1950s, Japanese scholar Genichi Taguchi proposed a
method which used, among other things, research planning in
order to identify factors that most influence on an investigated
phenomenon. In the case of manufacturing companies, which
use the Taguchi method, it is possible to find factors that
generate losses or delays in their production. The main feature
of the design of experiment according to the Taguchi method
is to identify the parameter values (factors controlled) for
which the best value (min or max) of the investigated phe-
nomenon is obtained, i.e., cutting forces, which is resistant to
the S/N ratio (so-called the signal-to-noise ratio). Tables,
which described the research plan according to the Taguchi
method (so-called orthogonal array), allow to select the right
amount tested factors, so-called factor levels [24–31]. The
Taguchi design advantage over traditional methods is the
simplicity of usage for a variety of research plans and the
possibility of simultaneous modeling of the average response
of the research factor on the investigated phenomenon
[25–27]. The usage types of the S/N ratio are described in
Appendix 1.
To study the influence of the cutting data (vc, f, ap) and Co
content in the material structure on the process of sintered
carbides turning with PCD tools, the orthogonal array type of
L9 was selected. The L9 array is characterized by the research
plan for three variables of the cutting parameters at three
different values, which corresponds to a total of nine research
tests (Table 1). The cutting data values were divided into the
appropriate levels and the numerical values (1, 2, 3) were
assigned to the particular level. The codes in the letters form
(A, B, C) were set to the suitable cutting data. For the tradi-
tional plan of research, at least 27 research samples should be
performed [24–26].
The selection of the cutting data for the sintered carbides
turning was based on the ranges proposed by the manufacturer




The test stand, for recording of the main cutting force
component Fc, was built on the precision lathe with Kistler
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Fig. 1 Algorithm of empirical
model creation and optimization
of WC-Co turning process. S/N
means signal-to-noise
(Appendix 1)
Table 1 Cutting data, based on the manufacturer’s catalogue, using
notation of the L9 array
Cutting data Code Unit Levels
1 2 3
Feed f A mm/rev 0.105 0.153 0.211
Cutting speed vc B m/min 10 15 20
Depth of cut ap C mm 0.2 0.35 0.5
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(Fig. 2). Measurement of the surface roughness was per-
formed using the Taylor Hobson profilometer.
In the study, the Mitsubishi triangular inserts with one edge
of the polycrystalline diamond PCD type of MD220 were
used. The dimensions of the TNGA 160408 type inserts were
D1=9.525 mm, S1=4.76 mm, Re=0.8 mm, and D2=3.81 mm
(Fig. 2b). The characteristics and properties of each work
piece material are described in Table 2.
2.3 Results of the recorded values of the main cutting force
component Fc and surface roughness parameter Ra
for the work piece materials with different contents of Co
2.3.1 Results of the recorded values of the cutting force Fc
for the first (25 wt% Co) and second (15 wt% Co) shafts
Recorded values of the cutting force Fc for the first and second
shafts with content 25 and 15wt%Co together with calculated
values of the S/N ratio according to the larger-the-better
(Appendix 1, Eq. 22) criterion are shown in Table 3.
Based on the S/N ratio, the cutting data for the lowest
values of the cutting force Fc was indicated. For both mate-
rials, the lowest values of the cutting force Fc were obtained at




Simultaneously, an increase of the cutting force Fc value
for machining of the work piece with a lower content of Co in
the material structure was noticed.
2.3.2 Results of the measured values of the surface roughness
parameter Ra for the first (25 wt% Co) and second (15 wt%
Co) shafts
Results of the measured values of the surface roughness pa-
rameter Ra for the first and second shafts with content 25 and
15 wt% Co with the calculated values of the S/N ratio (crite-
rion larger-the-better) are shown in Table 4. For the surface
roughness parameter Ra, there is a similar situation like in the
case of the recorded values of the cutting force Fc. In the case
of materials with two different contents of Co, the smallest Ra




It was also revealed that after turning of the shaft with a
lower content of Co, the larger values of the surface roughness
described by the Ra parameter were obtained.
Scanning electron micrographs (SEM) of chips, obtained
during machining of the first and second shafts for the lowest
Fig. 2 Test stand for recording of
the main cutting force: a shaft
made ofWC-Co (1), insert type of
TNGA 160408 with PCD edge
(2), holder (3), and dynamometer
(4); b dimensions of the TNGA
160408 insert
Table 2 Characteristics and properties of the work piece materials
Number of tested shaft Chemical composition Quantity Co % Density g/cm3 Hardness HV10 Hardness HRA
1st shaft 25 % Co, 0.15 % VC, 74.85 % WC 25 13.1 950 85.4
2nd shaft 15 % Co, 0.15 % VC, 84.85 % WC 15 14 1200 88.2
3rd shaft 10 % Co, 90 % WC 10 14.75 1610 91.9
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values of Fc and the lowest surface roughness Ra, are present-
ed in Fig. 3.
2.3.3 Results of the recorded values of the cutting force Fc
and the measured values of the surface roughness Ra
for the third shaft with content 10 wt% Co
Recorded values of the cutting force Fc and measured values
of the surface roughness parameter Ra for the third shaft with
content 10 wt% Co are shown in Table 5.
The results for only three research samples of the shaft with
content of 10 wt% Co are presented. For other surfaces, the
violent increase of the cutting edge wear of the TNGA 160408
inserts type for the depth of cut larger than 0.2 mm occurred.
These situations are illustrated in Fig. 4 which presents the
chips with irregular shape and large size. The scales in the
figures, presented in the form of horizontal lines mean the
following: 1—5 mm, 2—500 μm, and 3—1000 μm.
2.4 Analysis of variance ANOVA for the first and second
shafts with content of 25 and 15 wt% Co
The analysis of variance, better known as ANOVA analysis,
allows to determine the influence of the quality factor level on
the measurable characteristics of the research object [24, 26,
27, 29–31]. In the research, the ANOVA analysis was used to
indicate the percentage influence of the particular cutting data
on the main cutting force Fc values and the surface roughness
described by the parameter Ra after the sintered carbides
turning.
An explanation of functions, which were used in construc-
tion of a table for the analysis of variance ANOVA, is pre-
sented in Appendix 2. The numbers of degrees of freedom for
each source of variability results are presented in Appendix 2.
The analysis of variance ANOVA of the cutting data per-
centage influence on the cutting force Fc for the first shaft with
25 wt% Co is shown in Table 6, while the results for the
second shaft with 15 wt% Co are shown in Table 7.
The depth of cut has the greatest influence on the cutting
force Fc value while turning of the first shaft. The cutting
speed vc has a lower influence, and the feed f has a very small
effect, which is described in Table 6.
In the case of the second shaft, the depth of cut also has the
greatest influence on the cutting force Fc. The feed has less
influence, and the cutting speed has the least influence
(Table 7). Figure 5a, b shows interactions of the individual
cutting data on the main cutting force Fc for materials with
content 15 and 25 wt%Co. The individual graphs in Fig. 5a, b
show suitable levels of research factor interaction with the
various levels of the other two factors’ influence on the cutting
force Fc values. When the value of the cutting speed equals
10 m/min, with increasing values of the feed, more values of
the main cutting force Fc are generated. When the intermedi-
ate cutting speed equals 15 m/min, the opposite situation
occurs compared to the first cutting-level speed. With an
increase in the feed, a decrease of values in the cutting force
Fc is observed. At the highest values of the feed, the highest
values of the cutting force Fc are generated.
The analysis of variance ANOVA of the percentage influ-
ence on the surface roughness described by the Ra parameter
for the first shaft with 25 % Co is shown in Table 8, while the
results for the second shaft with 15 wt% Co are shown in
Table 9.
The cutting speed has the greatest influence on the surface
roughness for the first shaft, the effect of the feed and depth of
cut is very small.
In the case of the second shaft, a similar (as for the first
shaft) effect of the cutting data on the surface roughness
described by the Ra parameter was noticed. The cutting speed
has the least impact. Figure 6a, b shows the interaction of the
appropriate cutting data on the surface roughness parameter
Ra for the materials with content 25 and 15 wt% Co.
Table 3 Recorded values of the main cutting force Fc for the first and
second shafts with calculated S/N ratio values (criterion larger-the-better)
Surface
number





1 3 3 3 435.7 −52.78 414.5 −52.35
2 1 2 3 274.9 −48.78 311.1 −49.86
3 2 1 3 318.4 −50.06 361.0 −51.15
4 2 2 2 264.0 −48.43 284.2 −49.07
5 3 1 2 374.6 −51.47 323.9 −50.21
6 1 3 2 278.5 −48.90 264.4 −48.45
7 1 1 1 181.0 −45.15 196.2 −45.85
8 2 3 1 196.0 −45.85 219.3 −46.82
9 3 2 1 222.8 −46.96 222.8 −46.96
The entries in bold mean the maximum values of S/N ratio (criterion
larger-the-better)
Table 4 Results of the measured values of the surface roughness param-









1 3 3 3 2.10 −6.45 1.90 −5.56
2 1 2 3 0.63 4.04 0.92 0.71
3 2 1 3 0.93 0.63 1.22 −1.70
4 2 2 2 1.24 −1.84 1.21 −1.66
5 3 1 2 1.99 −5.98 1.99 −5.96
6 1 3 2 1.18 −1.45 1.00 −0.004
7 1 1 1 1.26 −2.01 1.08 −0.73
8 2 3 1 1.55 −3.80 1.66 −4.40
9 3 2 1 2.01 −6.06 2.67 −8.53
The entries in bold mean the maximum values of S/N ratio (criterion
larger-the-better)
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3 Analysis of results
3.1 Analysis of the measured values of the cutting force Fc
The main effects of the cutting data on values of the cutting
force Fc for the second shaft with content 15 wt% Co are
shown in Fig. 7a and for the first shaft with content 25wt%Co
are shown in Fig. 7b.
For the first and second shafts, there are similar character-
istics of the cutting data influence on the average values of the
cutting force Fc for appropriate levels of the cutting data. The
cutting force Fc also increases with higher values of feed and
depth of cut. The cutting speed has a different trend than feed
and depth of cut. For the intermediate value of the cutting
speed (15 m/min), the lowest value of the cutting force Fc was
recorded.
During the analysis of the Co content influence on the
value of the cutting force Fc, the following relationship was
observed: the lower content of Co in the material structure, the
greater value of the cutting force Fc for the same cutting data,
but only for surfaces 1, 5, and 6, as shown in Fig. 8.
3.2 Analysis of the measured values of the surface roughness
parameter Ra
The main effects of the cutting data on values of the surface
roughness parameter Ra for the second shaft with content
15 wt% Co are shown in Fig. 9a and for the first shaft with
content 25 wt% Co are shown in Fig. 9b.
In the case of the average influence of the particular cutting
data on the measured values of the surface roughness de-
scribed by the Ra parameter, other characteristics than the
results for the main components of the cutting force Fc are
noticed. On the basis of the charts in Fig. 9a, b, a trend
showing that the increased value of the feed followed by
deterioration of the surface roughness by increasing the Ra
parameter is noticed. For the depth of cut, the opposite situa-
tion than for the feed is noticed. With the depth of cut, the
surface quality improves. Two different characteristics are
noticed for the cutting speed. In the case of the second shaft,
the smallest value of the surface roughness for the average
value of the cutting speed was obtained, and in the case of the
first shaft, the smallest value of the surface roughness for the
first level of the cutting speed (10 m/min) was obtained. The
Table 5 Recorded values of the cutting force Fc and surface roughness
Ra for the third shaft
Surface number f (mm/rev) vc (m/min) ap (mm) Fc (N) Ra (μm)
1 0.105 10 0.2 178.8 1.39
2 0.153 20 0.2 194.5 1.90
3 0.211 15 0.2 204.1 1.39
a) b)
c) d)
Fig. 3 SEM views of chips,
obtained during machining of the:
a the first shaft for the lowest
values of Fc, b the second shaft
for the lowest values of Fc, c the
first shaft for the lowest surface
roughness Ra, and d the second
shaft for the lowest surface
roughness Ra
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effects of the Co content in the material structure on the values
of the surface roughness for the same cutting data are very
different. For the first, fourth, sixth, and seventh surfaces with
a lower content of Co, better quality surfaces were achieved
(Fig. 10).
3.3 Analysis of the influence of the Co content in the work
piece material on the obtained values of the cutting force Fc
and surface roughness
For the comparison of the effects of the Co content in
the material structure on the cutting force Fc and the
values of the surfaces roughness, only three surfaces
for the particular shafts for the same cutting data were
used (Fig. 11a, b). The cutting force Fc for the other
research samples for the third material has not been
recorded, due to extremely severe wear of the tools, as
described earlier in Section 2.3.3.
It was noticed that for the low Co content (10 wt%), the
lower values of the cutting force Fc were generated and the
worse quality of the surface was observed. The smaller values
of the cutting force Fc for the third shaft for the same cutting
data can be a result of the smaller adhesion effect between the
work piece and cutting tool. The large values of the surface




Fig. 4 Views of chips obtained
for the third shaft: a f=0.211 mm/
rev, vc=20 m/min, ap=0.5 mm;
needle chips or irregular short
discontinuous chips; b f=
0.105 mm/rev, vc=15 m/min, ap=
0.5 mm; needle chips, amorphous
short discontinuous chips, loose
arc chips, and elemental chips; c
f=0.153 mm/rev, vc=15 m/min,
ap=0.35 mm; needle chips,
amorphous long discontinuous
chips; and d f=0.211 mm/rev, vc=
10 m/min, ap=0.35 mm;
elemental chips, loose arc chips,
and amorphous chips
Table 6 Analysis of variance (ANOVA) of the cutting data percentage
influence on the cutting force Fc for the first shaft
Parameter Degrees of
freedom
SS MS F P % α
vc 2 17332.78 8666.4 27.66 30.38 0.01
f 2 3989.07 1994.5 6.37 6.11 0.01
ap 2 33035.71 16517.9 52.73 58.94 0.01
Error 2 626.56 313.3 4.55
Total 8 54984.12 100
Table 7 Analysis of variance (ANOVA) of the cutting data percentage
influence on the cutting force Fc for the second shaft
Parameter Degrees of
freedom
SS MS F P % α
vc 2 1188.7 594.3 2.77 1.84 0.01
f 2 5992.2 2996.1 13.95 13.52 0.01
ap 2 33527.3 16763.7 78.08 80.45 0.01
Error 2 429.4 214.7 4.17
Total 8 41137.6 100
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4 Empirical models, describing WC-Co turning process
with PCD tools
4.1 First type of experimental model based on the power
function
The measured values of the cutting force Fc shown in Table 3
and the measured values of the surface roughness described
by the Ra parameter shown in Table 4 for the sintered carbides
turning with PCD tools usage can be used for the equations’
determination, which allow the description of the turning
process. Two methods of the empirical model of WC-Co
turning process are shown in the paper. The first type of the
empirical model for the first shaft is based on the power
function, model type I [30, 31, 33].
Any of investigated phenomena can be described by the
following equation:
Y ¼ a1  xa21  xa22 ⋯ xaii ð1Þ
where Y is a parameter value, describing the investigated
physical phenomenon, i.e., the cutting force Fc; a1, a2,…, ai
Fig. 5 Interaction of appropriate
levels of the cutting data on the
cutting forceFc for a the first shaft
with content 25 wt% Co and b the
second shaft with content 15 wt%
Co
Table 8 Analysis of variance (ANOVA) of the cutting data percentage
influence on the surface roughness Ra for the first shaft
Parameter Degrees of freedom SS MS F P % α
vc 2 1.69 0.85 36.54 77.41 0.05
f 2 0.16 0.08 3.39 5.34 0.05
ap 2 0.23 0.11 4.97 8.64 0.05
Error 2 0.05 0.02 8.59
Total 8 2.13 100
Table 9 Analysis of variance (ANOVA) of the cutting data percentage
influence on the surface roughness Ra for the second shaft
Parameter Degrees of freedom SS MS F P % α
vc 2 2.20 1.10 27.58 78.39 0.01
f 2 0.04 0.02 0.55 4.55 0.01
ap 2 0.38 0.19 4.78 11.15 0.01
Error 2 0.08 0.04 5.89
Total 8 2.70 100
Fig. 6 Interaction of appropriate
levels of the cutting data on the
surface roughness parameter Ra
for a the first shaft and b the
second shaft
Fig. 7 Main effects of the cutting
data on the cutting force Fc for a
the second shaft and b the first
shaft
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are constant coefficients; and x1, x2, …, xi are factors, which
influence the investigated parameter.
The cutting force Fc can be expressed by Eq. (2):
Fc ¼ a f b  vcc  apd ð2Þ
where a, b, c, and d are constants; and vc, f, and ap are
independent variables representing suitable cutting data based
on Eq. (1).
Equation (2), which describes (in symbolic) estimated val-
ue of the force Fc, can be linearized by finding the logarithm
(3):
Log Fcð Þ ¼ Log að Þ þ bLog fð Þ þ cLog vcð Þ þ dLog ap
  ð3Þ
To facilitate the equation notation (3), a new equation was
written (4):
Log Fcð Þ ¼ Y ; Log að Þ ¼ A0; b ¼ A1; Log fð Þ ¼ X 1; c
¼ A2; Log vcð Þ ¼ X 2; d ¼ A3; Log ap
  ¼ X 3 ð4Þ
Using the above new variables, the Eq. (3) takes the
form (5):
Y ¼ A0 þ A1X 1 þ A2X 2 þ A3X 3 ð5Þ
The values of X1, X2, and X3 are assumed (independent
factors, values of cutting data), and the Y value is measured,
i.e., value of the cutting force Fc (the parameter depends on Xi
values and values of constant factors).
Equation (5) can represent a mathematical notation of the
machining process or any other physical phenomenon.
Equation (5) can be used to investigate the influence of
individual variables on the output investigated phenomenon.
In the case of this work, the cutting force Fc or surface
roughness Ra are these values.
Equation (5) with the appropriate values of the cutting
force Fc and cutting data (vc, f, ap) was put into the Wolfram
Mathematica 7 environment (system of equations with four
unknowns). After calculations, the constant coefficients a, b,
c, and d were obtained.
The final equations describing the cutting force and surface
roughness for variable cutting data for the first shaft with
content of 25 wt% Co, taking into account the set of the
calculated coefficients (a, b, c, d), have the forms (6, 7):
Fc ¼ 190:499 v0:563408c  f 0:217297  a0:753408p ð6Þ
Ra ¼ 0:0512948 v1:47836c  f 0:55769  a−0:217913p ð7Þ
Fig. 8 Comparison of the Co content influence on the main cutting force
for the first and second shafts
Fig. 9 Main effects of the cutting
data on the surface roughness
parameter Ra for a the second
shaft and b the first shaft
Fig. 10 Comparison of the Co content influence on the surface rough-
ness parameter Ra for the first and second hafts
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For the second shaft, Eq. (8) describes the cutting force Fc
and Eq. (9) the surface roughness Ra.
Fc ¼ 215:888 v0:398651c  f 0:0336374  a0:706277p ð8Þ
Ra ¼ 3:455868 v0:182942c  f 0:946694  a−0:44174p ð9Þ
Equation (10) describes the first mathematical model of
WC-Co turning taking into account the Co content in the
material structure. In the case of the constant coefficient
determination for equations, the same algorithm as in the case
of the previous equations was used. The difference occurs in
the input equation.
Fc ¼ a f b  vcc  apd  Coe ð10Þ
After determination of the constant coefficients a, b, c, d,
and e, the following equations were obtained. Equation (11)
describes the cutting force Fc:
Fc ¼ 1381:66 v0:190208c  f −0:48079  a0:882778p  Co0:379094
ð11Þ
Equation (12) describes the surface roughness Ra:
Ra ¼ 4:26695 v1:60466c  f 0:290834  a−0:41552p  Co0:19511
ð12Þ
A comparison of the cutting force Fc and roughness Ra
values obtained from themathematical Eqs. (6–9) and (11–12)
with values got from the measurements for the assumed
cutting data is shown in Tables 10, 11, and 12 and Figs. 12,
13, and 14.
Fig. 11 Influence of Co content on a cutting force Fc, b surface rough-
ness Ra (1) f=0.105 mm/rev; vc=10 m/min; ap=0.2 mm; (2) f=
0.153 mm/rev; vc=20 m/min; ap=0.2 mm; (3) f=0.211 mm/rev; vc=
15 m/min; ap=0.2 mm
Table 10 Comparison of the cutting force Fc [N] values for the first type
of the experimental model, obtained from Eqs. (6) and (8) and measure-
ments for the same cutting data for the first and second shafts
No. First shaft Second shaft
Fc_exp Fc_calc Fc_exp Fc_calc
1 435.6 435.9 414.5 414.6
2 274.9 318.5 311.0 361.0
3 318.3 275.1 361.0 311.0
4 264.0 264.3 284.2 284.1
5 374.5 225.5 323.9 244.4
6 278.4 286.4 264.4 314.7
7 180.9 127.1 196.1 160.8
8 196.0 203.9 219.2 214.6
9 222.8 185.9 222.7 193.5
Table 11 Comparison of the surface roughness Ra [μm] values for the
first type of the experimental model, obtained from Eqs. (7) and (9) and
measurements for the same cutting data for the first and second shafts
No. First shaft Second shaft
Ra_ex Ra_calc Ra_exp Ra_calc
1 2.1 2.09 1.9 1.86
2 0.6 0.89 0.9 0.91
3 0.9 0.63 1.2 1.21
4 1.2 1.24 1.2 1.52
5 1.9 0.81 2.0 1.92
6 1.1 1.43 1.0 1.12
7 1.2 0.62 1.0 1.17
8 1.6 2.20 1.7 2.07
9 2.0 1.68 2.7 2.64
Table 12 Comparison of the cutting force Fc [N] and surface roughness
Ra [μm] values of the first experimental model, obtained from Eqs. (11)
and (12) and measurements for the same cutting data, taking type of
material into account
No. Fc_exp Fc_calc Ra_exp Ra_calc
1 435.6 447.2 2.10 2.09
2 274.9 449.7 0.63 0.627
3 318.3 587.1 0.93 1.02
4 264.0 352.6 1.24 1.33
5 374.5 455.5 1.99 1.986
6 278.4 285.8 1.18 0.79
7 180.9 243.4 1.26 0.81
8 196.0 187.3 1.55 1.83
9 222.8 228.7 2.01 2.82
10 414.5 368.5 1.90 1.902
11 311.0 370.5 0.92 0.57
12 361.0 483.7 1.22 0.92
13 284.2 290.5 1.21 1.209
14 323.9 375.3 1.99 1.80
15 264.4 235.5 1.00 0.71
16 196.1 200.5 1.08 0.74
17 219.2 154.3 1.66 1.67
18 222.7 188.4 2.67 2.56
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For the first model, the biggest error of the cutting force Fc
value for the first shaft with contents of 25 wt% Co for the
surface “5” equals 39 % relative to the measured value. In the
case of the shaft with contents of 15 wt% Co, the biggest error
equals 24 %.
The biggest error of the surface roughness for the first shaft
equals 59 % relative to the measured value; for the second
shaft, the biggest error equals 26 % and is similar to the Fc
cutting force.
In the case of the experimental model taking into account
the type of material, the errors do not exceed a value of 30 %
for the cutting force Fc and 38% for the surface roughness Ra.
Equation (11) should be used for predicting values of the
cutting force Fc. In the case of the estimating values of the
roughness Ra, Eqs. (7) and (9) for the first model type should
be used.
Figures 15, 16, 17, and 18 present the examples of dia-
grams according to the mathematical equations describing the
first type of experimental model. The cutting force Fc in the
function of the depth of cut ap and cutting speed vc for the first
shaft are shown in Fig. 15. Figure 17 presents the surface
roughness Ra in the function of the depth of cut ap and cutting
speed vc for the second shaft. The cutting speed increase
influences on the cutting force increase (Fig. 16). The same
tendency is observed for the increase of the depth of cut and
feed. The surface roughness decreases when the depth of cut
increases and cutting speed decreases.
The cutting force Fc in the function of the depth of cut ap
and Co content is presented in Figs. 25, 26, and 27 in
Appendix 3. The increase of Co content influences the slight
increase of the cutting force.
The following notations are used for Figs. 16 and 18:
1 (vc=10 m/min, ap=0.35 mm), 2 (10; 0.5), 3 (15; 0.2),
4 (15; 0.35), 5 (15; 0.5), 6 (20; 0.2), 7 (20; 0.35), and 8
(20; 0.5).
4.2 Second type of experimental model based on the modified
RSM method
For the second type of the experimental model, the modified
response surface methodology (RSM) was used. In the stan-
dard version of RSM, the equation describing the investigated
phenomenon has the form [33–37]:










In our case, the required number of y values should be 10.
There are only nine results of the cutting force Fc and surface
roughness Ra in the case of the Taguchi method usage in the
investigation for the first and second shafts. For that reason,
Fig. 12 Differences between experimental and calculation values
Fig. 13 Differences between experimental and calculation values
Fig. 14 Differences between experimental and calculation values
Fig. 15 Cutting force Fc in the function of depth of cut ap and cutting
speed vc for feed f=0.153 mm/rev for the first shaft
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Eq. (13) is modified to omit the impact of correlations be-
tween cutting speed and feed for the cutting force Fc. In the
case of roughness Ra, the correlation between feed and depth
of cut was omitted. Omission of these correlation results from
analysis of the variance ANOVA, because the influence of
those parameters are very small relative to the rest of the
correlations between two parameters. In the case of the cutting
force Fc, the depth of cut has the greatest impact, and there-
fore, only correlation between this parameter with others was
included. In the case of the surface roughness Ra, the greatest
impact has the cutting speed, and therefore, the correlation of
the cutting speed with two other was taken into account.
The steps of the experimental model construction, describ-
ing the predicted cutting force Fc values for the first shaft
based on the modified RSM equations (Fig. 1), are presented
as follows. Basing on Eq. (13) and values from Tables 3 and 4,
the following equation can be written (14):
Fc ¼ β0 þ β1vc þ β2 f þ β3ap þ β4v2c þ β5 f 2 þ β6a2p
þ β7apvc þ β8ap f ð14Þ
where Fc is the estimated value of the cutting force and β0
… β8 are the constant coefficients
Substituting the above equation into the Mathematica soft-
ware, the values of the β coefficients were calculated (Eq. 15).
Fc ¼ 371:768þ 169:628vc−22323:9 f þ 1267:03ap
−3:75619v2c þ 54485:8 f 2−1521:41a2p
þ17273:3apvc−161:708ap f
ð15Þ
In the case of the equation, describing the surface rough-
ness Ra, the input equation has a different form than equation
describing the force Fc. The other correlations between the
cutting data are selected to the equations, based on the results,
obtained by the ANOVA analysis. The input equation is as
follows (16):
Ra ¼ β0 þ β1vc þ β2 f þ β3ap þ β4v2c þ β5 f 2 þ β6a2p
þ β7vc f þ β8vcap ð16Þ
where Ra is the estimated value of roughness and β0… β8
are the constant coefficients,
Fig. 16 Cutting force Fc in the function of feed f for different values of
the other cutting data (vc; ap) for the first shaft
Fig. 17 Surface roughness Ra in the function of depth of cut ap and
cutting speed vc for feed f=0.153 mm/rev for the second shaft
Fig. 18 Surface roughness Ra in the function of feed f for different values
of the other cutting data (vc; ap) for the second shaft
Fig. 19 Differences between experimental and calculation values of the
cutting force Fc for the second type of the model, obtained from the
Eqs. (15) and (18) andmeasurements for the same cutting data for the first
and second shafts
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After calculation of the equations’ system in the
Mathematica software, the following values of the β coeffi-
cients were substituted in Eq. 17.
Ra ¼ 1:89338−0:26644vc þ 44:5025 f −16:0481ap
þ0:008333v2c−63:2094 f 2 þ 9:25926a2p−vc f
þ0:555556vcap
ð17Þ
For the second shaft, the Fc and Ra can be calculated from
Eqs. (18) and (19).
Fc ¼ 155:08þ 18:3674vc−2538:71 f þ 323:226ap
−0:32753v2c þ 5453:38 f 2−150:37a2p þ 4033:33apvc
−23:3556ap f
ð18Þ
Ra ¼ 10:8535þ 0:033933vc−317:495 f þ 82:9622ap
−0:005v2c þ 736:36 f 2−67:6a2p−6:4vc f −2:50133vcap
ð19Þ
Figures 19 and 20 present the comparison of the cutting
force Fc and surface roughness Ra values for the second type
of the experimental model, obtained from Eqs. (15, 17–19)
and measurements for the same cutting data for the first and
second shafts.
The errors between calculated and measured values for the
second experimental model do not exceed 1 %.
Figures 21, 22, 23, and 24 present the examples of dia-
grams according to the mathematical equations describing the
second type of the experimental model. The cutting force Fc in
the function of the depth of cut ap and cutting speed vc for the
second shaft are shown in Figs. 21 and 22. Figure 23 presents
the surface roughness Ra in the function of the depth of cut ap
Fig. 20 Differences between experimental and calculation values of the
surface roughness Ra for the second type of the model, obtained from the
Eqs. (17) and (19) andmeasurements for the same cutting data for the first
and second shafts
Fig. 21 Cutting force Fc in the function of depth of cut ap and cutting
speed vc for feed f=0.153 mm/rev for the second shaft
Fig. 22 Cutting force Fc in the function of feed f for the different values
of the other cutting data (vc; ap) for the second shaft
Fig. 23 Surface roughness Ra in the function of depth of cut ap and
cutting speed vc for feed f=0.153 mm/rev for the first shaft
Fig. 24 Surface roughness Ra in the function of feed f for the different
values of the other cutting data (vc; ap) for the first shaft
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and cutting speed vc for the first shaft. The cutting speed
increase influences the cutting force increase. The same ten-
dency is observed for the increase of the depth of cut and feed.
Surface roughness decreases when depth of cut and cutting
speed increase.
The following notations are used for Figs. 22 and 24: 1
(10 m/min; 0.2 mm), 2 (10 m/min; 0.35 mm) 3 (10 m/min;
0.5 mm) 4 (15 m/min; 0.2 mm), 5 (15 m/min; 0.35 mm) 6
(15 m/min; 0.5 mm), 7 (20 m/min; 0.2 mm), 8 (20 m/min;
0.35 mm), and 9 (20 m/min; 0.5 mm)
5 Conclusion
In present research, the analysis of super hard material ma-
chining such as sintered carbides WC-Co with different Co
content in the material structure is shown. In studies, the main
attention has been focused on the main cutting force compo-
nent Fc and the surface roughness parameter Ra values, de-
pending on the cutting data (vc, f, ap) (Figs. 25, 26, and 27 in
Appendix 3).
In the comparison of WC-Co with two different Co con-
tents (15 and 25 wt%), in terms of the cutting force Fc, there
was no clear effect of Co content on the turning process. The
lowest Fc values were obtained for the same cutting data.
When machining material with less content of Co, higher Fc
values for the same cutting data were generated. A similar
relationship was noticed in the case of the cutting data for
which the lowest surface roughness Ra values were obtained.
Higher surface roughness values were measured for the ma-
terial with lower Co content in its structure
The ANOVA analysis showed the biggest percentage in-
fluence of the depth of cut and cutting speed on the Fc and Ra
parameters. In the case of cutting force, the depth of cut has
the percentage effect equals 59 and 80 % for 25 wt% Co and
15 wt% Co, respectively. In the case of surface roughness, the
cutting speed has the percentage effect equals 77.5 and 78 %
for 25 wt% Co and 15 wt% Co, respectively.
During turning of the sintered carbides with 10 wt% Co,
the required range of the depth of cut was exceeded. The big
sizes of chips were obtained as a result of chipping process.
The increase of the feed and depth of cut values influences
the increase of the cutting force. The lowest values of the force
Fig. 25 The function of depth of
cut ap and Co content for feed f=
0.153 mm/rev and cutting speed
vc=15 m/min for a the cutting
force Fc and b the surface
roughness Ra
Fig. 26 The function of feed f for
the different values of the other
cutting data (vc; ap) and two types
of material for a the cutting force
Fc and b the surface roughness Ra
Fig. 27 The function of cutting
speed vc for the different values of
the other cutting data (f; ap) and
two types of material for a the
cutting force Fc and b the surface
roughness Ra
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Fc were obtained for the material with the lowest content of Co
in the structure. The other situation takes place in the case of the
surface roughness. The worst surface quality was obtained for
the bigger feed values and lower depth of cut and for material
with the lowest content of Co. It is probably a result of adhesion
phenomenon between the work piece material and the tool,
bigger at high content of Co and high hardness of the material.
Two different methods for the design of experimental
models are shown in this paper. The first model is based on
the power function; the second is based on the polynomial
function according to modified RSM equations. The obtained
equations allow the prediction of approximate values of Fc or
Ra for a given type of sintered carbides and cutting data.
Further studies will focus on tool wear research during ma-
chining, to determine a wear coefficient and its influence on
the cutting force Fc and surface roughness Ra values.
Appendix 1
Usage types of the S/N ratio (signal to noise) [24–31]:
1. Smaller-the-better, minimize certain undesirable charac-
teristics of the research product:
S=N ¼ −10log10 1=nð Þ 
X
y2i
 h i ð20Þ
for i=1 to n, where n is the number of measurements,
and yi is the ith observed value of the response.
2. Nominal-the-best, the fixed value of the signal (the vari-
ability around this value can be regarded as the result of
the noise):
S=N ¼ −10log10 Average2=Variance
  ð21Þ
for i=1 to n.
3. Larger-the-better, the efficiency of the product:
S=N ¼ −10log10 1=nð Þ 
X
1=y2i
 h i ð22Þ
for i=1 to n.
Appendix 2
Degree of factor freedom
(df)A=KA−1, where KA is a number of levels
The total degree of the results freedom
(df)T=N−1, where N is a number of experiments
The degree of freedom for error variance
(df)e=(df)T−∑(df)factor, where∑(df)factor is a sum of degree of
factors freedom
Sum of square for factor A at level K
SSA ¼ ∑kAi¼1nAi Ai−T






− T2N , where N is a total
number of experiences, nAi is the number of levels, and Ai is
the sum of cutting forces or surface roughness in level i of
factor A










α—level of significance represents the probability of the
null hypothesis H0 rejection. It is likely that the statistics will
have at least the same value that observed one, assuming that
H0 is true [24, 26, 27, 29–31].
Appendix 3
The following notations are used for Fig. 26: 1 (vc=10mm/
min; ap=0.2 mm; wt% Co 25), 2 (10; 0.35; 25), 3 (10; 0.5;
25), 4. (15; 0.2; 15), 5 (15; 0.35; 15), 6 (15; 0.5; 15), 7 (20; 0.2;
25), 8 (20; 0.35; 15), and 9 (20; 0.5; 25).
The following notations are used for Fig. 27: 1 (f=0.105 mm/
rev; ap=0.2 mm; wt% Co 25), 2 (0.105; 0.35; 25), 3 (0.105; 0.5;
25), 4 (0.153; 0.2; 15), 5 (0.153; 0.35; 15), 6 (0.153; 0.5; 15), 7
(0.211; 0.2; 25), 8 (0.211; 0.35; 15), and 9 (0.211;0.5;25).
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